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SUMMARY 

An investigation was made of a turbojet engine in an altitude test 
facility to supplement existing data relevant to gas -temperature control 
in a turbojet engine. The problems associated with gas -temperature con- 
trol for minimizing turbine-blade damage are considered in this report. 

Steady-state temperature distributions, including the turbine-blade 
temperatures, were investigated at rated engine speed for a range of al- 
titudes and flight speeds. The tail-pipe gas temperature was found to 
be most indicative of the turbine-blade temperature over a range of oper- 
ation. For all conditions considered, the tail-pipe gas temperature was 
between 180° and 210° F lower than the maximum turbine-blade temperature . 

The dynamic responses of the turbine-blade temperatures to the tail- 
pipe gas temperature at actual rated engine speed were evaluated over a 
range of altitudes. For all conditions, the dynamic responses were found 
to be essentially first-order lags. For this reason., the blade -temperature 
dynamic response may be represented by a characteristic time constant. 

These blade time constants vary with position on the blade, the leading 
edge having the shortest time constant, the trailing edge slightly longer, 
and the midchord time constant longer than the leading-edge time constant 
by a factor of two. 

The t ime constants for the trailing edge and midchord portions of the 
turbine blade were calcidated and showed good agreement with the experi- 
mental results. 


The t ime constants increased with an increase in altitude, and this 
variation correlated very well with a theoretical calculated variation. 
The calculated variation indicated that the blade time constants varied 
inversely as 0.8 power of engine air flow. 
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Data were taken in the region from start to idle in order to deter- 
mine the acceleration characteristics of the engine as a function of 
tail -pipe gas temperature. At each engine speed during the transient 
from start to idle, a definite maximum acceleration obtainable was 
found. Over the majority of the speed range from start to idle, this 
maximum occurred at a tail -pipe gas temperature of less than 1400° F. 


INTROHJCTION 

The object of this report is to discuss and supplement existing 
data relevant to the problem of gas -temperature control within a turbo- 
jet engine. Two operating regions of the engine where blade failures 
are most prevalent are considered. These regions are the rated-power 
regions where stress -rupture failures are prevalent, and the starting 
regions where thermal-stress failures may occur because of adverse tem- 
perature patterns through the blades . 

In the rated-power region of operation, current practice is to use 
the tail -pipe gas temperature as the gas -temperature control signal. 
Limits determined from engine-damage records for the particular engine 
are imposed on the gas temperature to prevent damage to the turbine 
blades. The d if ference between tail -pipe gas temperature and turbine - 
blade temperature varies, however, with operating conditions, and this 
deviation may impose unnecessary restraints on the engine thrust in the 
interests of turbine-blade safety. As an indication of the relative sen- 
sitivity of thrust and blade life at rated engine power for a current en- 
gine, if the turbine- inl et gas temperature is increased to give a 10- 
percent increase in thrust, the stress -rupture life of the blade is de- 
creased by 90 percent. 

In order to realize more of the capabilities of the engine in the 
rated-power region without appreciably reducing the engine life, a 
temperature-control signal more accurate than the tail -pipe gas temper- 
ature may be required. Steady-state temperature data in the region of 
the turbine, including the turbine-blade temperatures, are presented in 
references 1 and 2. These references, however, do not discuss the prob- 
lem from the control viewpoint. 

The seriousness of the temperature problem in the rated-power re- 
gion is tempered somewhat when the turbine -blade dynamics are considered. 
The mass of the turbine blade prevents the turbine -blade temperature from 
immediately following a change in the surrounding gas temperature. An- 
alytical and exper iment al results in reference 3 show that the response 
of blade temperature to a step in gas temperature approximates very 
closely a first-order lag, and the dynamics of the turbine-blade temper- 
ature may be ch aracterized by time constants . These blade dy nami cs 
allow short bursts of overrated power without overtenperaturing the 
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turbine. References 3 and 4 contain the only previous exper ime ntal 
study of turbine -blade temperature dynamics, but the study was limit ed 
to sea-level data. Before the restrictions on engine gas temperature 
during transient operation can be safely relaxed, the variation of the 
blade time constant must be determined over a range of altitudes at 
rated engine rotor speed. 

The blade-failure problem in the starting cycle of a turbojet en- 
gine results from the rapid changes in gas temperature as the engine is 
started and accelerated to the idle engine speed. These rapid changes 
may cause turbine-blade damage because of adverse temperature patterns. 
The trend lias been to assume that a higher gas temperature win result 
in better acceleration characteristics from, start-to-idle engine speed. 
This method unfortunately increases the tendency of damage to the tur- 
bine blades. Xt is desirable then to investigate the engine behavior 
in the transient condition from engine start to engine idle. 

The scope of this report covers three phases of the temperature - 
control problem in turbojet engines: 

(1) The steady-state correlation of gas temperatures with the blade 
temperature in the rated-power region 

(2) Thp, dynamic -temperature characteristics (time constants) of the 
turbine blades at rated power, including both experimental and 
calculated results 

( 3 ) The gas temperature-acceleration characteristics in the start- 
ing region. 

The data for the rated-power region are tak e n at two flight speeds 
and several altitudes, whereas the starting characteristics data are 
taken at sea level and zero ram. 


APPARATUS 

Engine Installation 

The engine from which the data were obtained had an axial-type com- 
pressor and a single-stage turbine. The engine was mounted in an alti- 
tude test t ank , and the simulated flight conditions were varied from 
sea-level static to an altitude of 45,000 feet and a Mach number of 0.8. 
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Ins t rument at ion 

Engine speed and various gas and blade temperatures were measured 
both, in steady-state and transient operation. An instrumentation draw- 
ing of the engine [fig. l) indicates the positions of the gas -temperature 
probes . 

Gas temperatures . - Two methods were used to measure the gas temper- 
atures. One method is applicable to steady-state meas urements and per- 
mits the recording of the temperatures on flight recorders. The other 
method is applicable to transient measurements and compensates for the 
dynamics introduced by the mass of the thermocouple. 

The steady- state method was used to measure the gas -temperature 
distributions at the turbine inlet, turbine outlet, and tail -pipe sta- 
tions. The turbine-inlet and turbine-outlet thermocouples were in either 
single-point or five-point rates, as indicated in figure 1. The tail- 
pipe thermocouples were all in single-point rakes. Ten tail-pipe rakes 
were distributed circumferential .1 y and the average of these was read. 

The temperatures were recorded on a recording potentiometer. 

To accurately measure the tail -pipe gas temperature during engine 
transients, the dynamics of the sensing thermocouples had to he consid- 
ered. The tail -pipe gas thermocouples were constructed with 18-gage 
wire (0.040 inch diameter) in order to prevent burnout of the thermo- 
couples. At sea-level rated-power conditions, the frequency response 
of these thermocouples is flat to less than 1 cycle per second, whereas 
for adequate information, it is necessary to read flat to at least 5 
cycles per second. With altitude, the frequency response of the ther- 
mocouples becomes worse. 

A compensation method, similar to that discussed in reference 5, 
is necessary in the measurement of transient tail -pipe gas temperature . 
The method used in this experimental study is shown in block diagram, form 
in figure 2(a). The signal X entering the compensation network is, in 
operational form. 



where t^. c is the time constant of the thermocouple. (The symbols used 
in this report are defined in appendix A.) If the compensation network 
is assumed to have the transfer function 
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■where is an adjustable time constant, and if « t^_ c , then: 

E(s) - T g (s) (3) 

In practical applications, however, equation (2) is impossible to vise 
because the derivative term Introduces noise problems. A compromise 
must be made of the form 



where x Is approximately 0.1. The compensation then has increased the 
frequency response by a factor of ten. 

The time constant of the thermocouple will change with the operating 
conditions and the compensation network must be adjustable . Rather than 
evaluate the thermocouple time constant at eJ 1 conditions, the actuator 
shown in figure 2(b) is used to determine the proper compensation . Ac- 
tuating the movable shield from, an extended position to the retracted 
position shown in figure 2(b) inposes a step increase in gas temperature 
at the thermocouple. The compensation network is then adjusted to give 
a step increase in voltage E. One actuator and five circumferentially 
distributed thermocouples were used in this study. The compensated tail- 
pipe gas temperature was recorded on a galvanometric oscillograph. The 
galvanometer element used had a frequency response flat to 50 cycles per 
second. 

Turbine -blade temperatures . - The turbine-blade temperatures were 
measured by thermocouples which were imbedded in the turbine blades. The 
method of mounting the thermocouples in the blades is discussed in ref- 
erence 2. The thermocouple leads were extended through the hollow rotor 
shaft to slip rings mounted on the front of the engine. 

A steady-state survey was made of the blade temperatures with the 
radial array shown in figure 3(a). Two thermocouples were put on each 
of three of the turbine blades to obtain the six desired radial loca- 
tions . The thermocouples were located at the midchord position. The 
steady-state turbine-blade temperatures were recorded an a recording 
potent iometer . 

The transient data were taken with the chord-wise turbine-blade 
thermocouple array shown in figure 3(b) . The chord section was chosen 
to be at the mR-vlmum radial temperature location. The dimensions of the 
chord-wise thermocouple locations are given in figure 3(b) . Each posi- 
tion was duplicated to allow for thermocouple burnout. The six thermo- 
couples were then placed two on each of three turbine blades. The tran- 
sient turbine-blade temperatures were recorded on a galvanometric 
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oscillograph. The galvanometer elements used for recording the turbine- 
blade temperatures had a frequency response flat to 10 cycles per second. 

Two rakes of the form shown in figure 4 were installed directly be- 
hind the turbine blades. The rakes were designed to treasure the radia- 
tion from the turbine blades. Each rake had three thermocouples; one 
rake with the shell-type tips and one rake with the knob-type tips. The 
shell-type tips had a thermocouple imbedded in a black disk in order to 
obtain the maximum radiation sensitivity and this disk was protected by 
the shell to minimize the gas -temperature and wall -temperature effects 
upon the thermocouple reading. The knob-type tips were designed to meas- 
ure a mean temperature, including blade radiation. 

Only steady-state measurements made with the recording potentiometers 
were taken with the radiation probes. 

Nozzle -diaphragm blades . - The two nozzle -diaphragm blades behind 
the center of each burner were instrumented with one thermocouple welded 
to the leading edge of each blade. The thermocouples were mounted at 
the midspan point of the blades. Individual measurements of the steady- 
state nozzle -diaphragm blade temperatures were made on a recording 
potentiometer . 

Engine speed . - A 100-tooth tachometer -generator was mounted on an 
engine accessory pad and provided an electrical pulse train indicative of 
engine speed. The tachometer output was fed to an electronic counter 
which displayed the steady-state engine speed. 

The electronic counter also provided a voltage signal fr cm the pulse 
train which was recorded on the galvsnome trie oscillograph to give the 
transient -speed signal. The galvanometric element used had a frequency 
response flat to 20 cycles per second. 


PROCEDURE 
Steady- State Data 

In order to obtain temperature profiles and distributions, steady- 
state data were taken at the conditions shown in table l(a) . The condi- 
tions for each point were set and the following temperatures read on 
flight recorders : turbine inlet, nozzle -diaphragm, blades, turbine blades 

(radial survey), turbine outlet, and tail-pipe gas temperature. 


Transient Data 

Transient data were taken at the conditions shown in table l(b) . 
The initial and final engine speeds of these transients sore also shown. 
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In the rated-power region, step increases in fuel flow correspond- 
ing to the speed changes shown in the table were supplied by a throttle 
plus relief -valve differential-pressure regulator assembly as discussed 
in reference 6. This fuel valve has a frequency response flat to over 
30 cycles per second. At each condition the tail-pipe thermocouple com- 
pensator was adjusted, the step initiated, and the tr ans ients recorded 
on the oscillograph. Recordings were made of engine speed, turbine- 
blade temperatures (chord-wise survey), nozzle-diaphragm, blade temper- 
atures, and compensated tail-pipe gas temperature. 

In obtaining the transient runs from start to idle, the normal 
starting procedure for the engine was used. Three starts were recorded} 
a cold start, a hot start, and a normal start. Engine speed and tail- 
pipe gas temperature were recorded on the oscillograph. 


RESULTS AND DISCUSSION 
Steady-State Temperature Data 

In treating the steady-state temperature-aontrol problem., it is 
necessary first to evaluate the general temperature distributions through- 
out the engine, and second to evaluate and compare, at rated engine speed, 
specific gas temperature as possible control signals. 

Data were taken at the steady-state conditions shown in table l(a) 
in order to determine the temperature distributions at various stations 
in the engine. The gas temperatures are plotted as functions of the dis- 
tance from, the outer engine wall. (The location of the thermocouples in 
relation to the outside wall are given in fig. 5.) These data are pre- 
sented in figure 6. 

The blade-temperature ccntour remains very similar as the operating 
conditions are varied, whereas the gas -temperature contours vary consid- 
erably as the conditions are varied. Therefore, measurements for at 
least three circumferential locations at each static®, were averaged for 
each data point presented for the turbine inlet, turbine outlet, nozzle 
diaphragm, and tail-pipe gas temperatures . 

In order to evaluate various temperatures as possible control sig- 
nals, data at actual rated engine speeds using the conditions shown in 
table II were taken. The maximum blade temperature is considered as a 
reference or base in evaluating the relative merits of the various tem- 
peratures. Since only one signal is used as the controlling signal and 
because the contours of the various temperature curves vary with opera- 
ting c ondit ion, the average temperature value at each station was deter- 
mined from the data. The variation of these average temperatures from 
the maximum blade temperature was then calculated and is presented in 
table H. 
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The temperature variations of the average temperatures Included in 
table XX are plotted as functions of b/d in figure 7. The data for 
these curves were taken at actual rated engine speed. The data give 
fairly smooth curves for the wide range of b/d values included in fig- 
ure 7 . The lower values of b/d indicate primarily a high altitude, 
and the higher values of b/d indicate a lower altitude. An increase 
in flight speed at a given altitude will increase the value of b/d . A 
value of 1.0 for b/d is obtained at sea-level static conditions. 

The desired characteristic for a temperature -control signal has a 
temperature variation from the maximum blade temperature that is inde- 
pendent of operating conditions. In figure 7, this characteristic would 
be indicated by a curve independent of 5/©, that is, a constant value 
of temperature differential. The deviation of the data curves in figure 
7 from a constant value may be used as a measure of effectiveness of each 
temperature as a temperature-control signal. These curves show that 
tail -pipe gas temperature is the best temperature -control signal for 
steady-state operation. The tail -pipe gas temperature yields a negative 
difference of 210° F from the maximum turbine -blade temperature in the 
low altitude range. At altitudes above 30,000 feet {b/d *> 0.40), this 
tail -pipe temperature differential drops to less than 200° F. The cur- 
rent practice of using the tail -pipe gas temperature as a temperature - 
control signal is therefore valid. 


Turbine -Blade Temperature Dynamics 

The mass of the turbine blade prevents the turbine-blade tempera- 
ture from, immediately following a change in the surrounding gas temper- 
ature . Analytical and experimental results in reference 3 show that 
the response of blade temperature to a step in gas temperature very 
.closely approximates a first-order lag, and the dynamics of the turbine- 
blade temperature may be characterized by time constants. These blade 
dynamics allow short hurst of high gas temperature without overt emper- 
atur ing the turbine blades. Reference 3 included experimental blade - 
temperature-dynamic data, but only at sea-level statie conditions. An 
extension of the experimental data to a range of altitudes was desired 
in this investigation. 

Experimental data . - Data were taken at the conditions shown in 
table 1(b) in order to determine the blade-temperature-dynamic charac- 
teristics. The desired frequency responses were obtained by the method 
of reference 7 . The frequency responses determined were the leading- 
edge, midchord, and t railing-edge turbine-blade temperature responses 
relative to the compensated tail -pipe gas temperature, and the compen- 
sated tail -pipe gas temperature and engine-speed responses relative to 
the fuel flow. 



HACA EM E55L22 


9 


The responses obtained at an altitude of 7000 feet and at Mach 0.8 
for a transient in engine speed from 90 to 100 percent of rated are shown 
in figure 8. The frequency-response curves for the transient data taken 
at the remainder of the conditions of table l(b) were s imila r in shape 
to the curves of figure 8. 
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The dynamic responses obtained at al 1 the conditions may be closely 
approximated by the following transfer functions: 
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The dynamic temperature characteristics of the turbine blade and 
tail -pipe gas temperatures are determined by the blade time constant 
'r-k, the engine time constant T e , and the tail -pipe gas temperature -rise 

ratio b. From plots similar to those of figure 8, the dynamic charac- 


teristics 


T b' T e' 


and b were deteimined for each condition investigated. 


The dynamic characteristics are plotted as a f inaction of altitude 
in figure 9. As shown in these curves, the turbine-blade time constants 
and the engine time constant Increase with altitude, whereas the tail- 
pipe gas temperature-rise ratio decreases as the altitude increases. 


Use in control. - If 


T b > 


b'c and if in a transient, the en g in e 


speed never overshoots the final speed, the blade temperature will never 
overshoot its final value. This characteristic is of particular impor- 
tance at the rated engine power condition, where blade overt emperature 
can dama ge the blades. For the engine studied in this report, the ratio 
V^e is greater than unity in the region above 8000 feet at Mach 
0.8 and rated engine power. In this operating region then, a speed con- 
trol which permits no speed overshoot will prevent any overshoot in 
turbine-blade t emperature and eliminates the need for a separate 
temperature -limiting control. 

Analytical development . - The study presented herein will include 
the calc ulat ion of the film coefficients for the midchord and t railing- 
edge portions of the turbine blade, the calculation of the turbine-blade 
temperature dynamic responses, and the calculations of the variation of 
the dynamic responses with altitude. 
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Two analytical methods of determining the dynamic response of 
turbine -blade temperature to tail -pipe gas temperature were presented 
in reference 3 and are used in this study. In one method (method A) 
only the lag due to the film coefficient is considered, whereas in the 
other method (method B) the temperature gradient within the blade is 
also considered. For thin cross sections, such as turbine blades, 
method A and method B yield very similar results. Method A yields di- 
rectly a time constant, and the results of method B may be characterized 
by a time constant. 

The calculations for the film, coefficient h for the midchord and 
t railing-edge portions of the turbine blade sure presented in detail in 
appendix B. These calculations are based on information given in refer- 
ences 4, 8, and 9. A scale drawing of the blade is shown in figure 10, 
and the shapes assumed for the portions of the blade used in calcula- 
tions are super imposed. The conditions for which the calculations were 
made are rated engine speed, an altitude of 7000 feet, and a Mach num- 
ber of 0.8. The results of the film-coefficient calculations are in- 
cluded in table III. 


The dynamic responses of the turbine-blade temperature to the tail- 
pipe gas temperature were calculated for the midchord and t railing-edge 
portions of the turbine blade. These calculations are presented in de- 
tail in appendix C, and the results of the calculations included in 
table HI. No attempt was made to calculate either the film coefficient 
or the time constant of the leading-edge portion of the blade because of 
insufficient knowledge of the heat-transfer characteristics of this 
portion. of the blade. 


The results of the calculations, in the form of frequency responses, 
are presented in figure 11. Because of the thin turbine blade consid- 
ered, methods A and B gives very similar results in the midchord and 
trailing-edge regions . 

The variations of the turb ine -blade time constants with altitude 
are calculated in appendix D. The time constants were found to vary 

0 8 

inversely with w a > the time constants increase as the 

altitude increases. A curve of (l/ w a )^'® as a function of altitude 
for the engine investigated is shown in figure 12. 


Correlation of experimental and analytical results . - The blade 
time-constant calculations, summarized in table IH were made for a 
condition at Mach 0.8, an altitude of 7000 feet, and at an actual rated 
engine speed. A comparison of the experimental values with the calcu- 
lated values is made in table III, and good agreement is obtained. 


As developed in appendix 
altitude was inversely as w 


the blade time-constant variation with 
. The comparison of the calculated curve 
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with the experimental data is made in figure 12. All curves shown were 
normalized with the values at 7000 feet used as the hase values. Good 
agreement is obtained between the experimental and calculated variations. 


Gas Temperature and Acceleration Characteristics 
in Starting Region 

to Transient measurements of several engine starts were taken, and 

S these records were analyzed to give tail-pipe gas temperature, engine 

speed, and engine acceleration. Gas temperature is plotted against en- 
gine speed with lines of constant acceleration in figure 13. The plot 
shows that at each engine speed there is a maximum acceleration. The 
path a maximum acceleration transient should take is represented by 
the dashed line. Increasing the tail-pipe gas temperature above that 
corresponding to the maximum acceleration decreases the acceleration 
value at the corresponding engine speed. 

Therefore, a maximum acceleration for this engine may be obtained 
over the majority of the start -to -idle speed range with tail-pipe gas 
temperatures below 1400° F. 


CONCLUDING REMARKS 

A correlation was made between the maximum blade temperature and 
various average gas temperatures in order to determine an applicable 
steady-state temperature control signal. Ideally, this temperature sig- 
nal would indicate the maximum blade temperature at all flight speeds 
and altitudes. 

The most applicable temperature signal, found was the commonly vised 
tail-pipe gas temperature . For the engine studied, the tail-pipe -gas 
temperature gave a constant 210° F differential below the maximum blade 
temperature at low altitudes, which decreased to 180° F at high 
altitudes . 

The dynamic responses of the turbine-blade temperatures to the tail- 
pipe gas temperatures at actual rated engine speed were evaluated over a 
range of altitudes. For all conditions, the dynamic responses were found 
to be essent ially first-order lags. For this reason, the blade tempera- 
ture dynamic response may be represented by a characteristic time con- 
stant. These blade time constants vary with position on the blade, the 
leading edge having the shortest time constant, the trailing edge 
slightly longer, and the midchord time constant longer than the leading- 
edge t ime constant by a factor of approximately two. 
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The time constants for the trailing edge, and midchord portions of 
the turbine blade were calculated and showed good agreement with the 
experimental results. 

The time constants increased with an increase in altitude, and this 

variation correlated very well with a theoretical calculated variation. 

The calculated variation indicated that the blade time constants varied 

. 0.8 

inversely as w 

EL 

For the engine studied, at conditions of an altitude above 8000 
feet and Mach 0.8, at rated engine speed, the turb ine -blade time con- 
stants were larger than the product of the tail -pipe gas temperature - 
rise ratio and the engine time constant. With this condition, a speed 
control that permits no speed overshoot will prevent any overshoot in 
turbine-blade temperature and will eliminate the need for a separate 
temperature -limiting control. 

At each engine speed during the transient from start to idle, there 
was a definite maximum, acceleration obtainable. Over the majority of 
the start -to- idle speed range, this maximum occurred at a tail-pipe gas 
temperature of less than 1400° F for the engine studied. 


Lewis Flight Propulsion Laboratory 

National Advisory Committee for Aeronautics 
Cleveland, Ohio, January 4, 1956 
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APPENDIX A 
SYMBOLS 

A wetted area of turbine blade section, sq ft 

a blade thickness of chord section of turbine blade, in. 

b tail-pipe gas teraperature-rise ratio 

C constant 

c specific heat of turbine-blade material, Btu/ (lb ) (°F ] 

Jcr 

D characteristic dimension, ft 

E output voltage of tail-pipe gas temperature compensation 

network, v 

h film coefficient, Btu/ (hr) (9 f) ( ft) 

K proportionality constant, h/k, in. 

k gas conductivity, Btu/ (hr) (°F) (ft) 

M Mach number 

N engine rotor speed, rpm 

Mu Nusselt number 

Pr Prandtl number 

* 

Re Reynolds number 

s complex Laplacian operator 

T temperature, °F or °R 

t time, sec 

V volume of turbine-blade section, cu ft 

v gas velocity, ft/sec 

w a engine air flow, lb/sec 
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w^ engine fuel flow, lb/sec 

x tail -pipe gas temperature signal to compensation network, v 

a diffusivity of blade material, 

T reciprocal of rise ratio of compensation network 

5 ratio of absolute total pressure at engine inl et to NACA 

standard atmospheric pressure at sea-level static conditions 

6 ratio of absolute total, temperature at engine inlet to NACA 

standard atmospheric temperature at sea-level static conditions 

v kinematic viscosity of gas, sec/sq ft 

density of turbine blade, lb/cu ft ■ 

t turbine-blade time constant for response to tail-pipe gas 

temperature, sec 

time constant of— compensation network, sec 
r e engine time constant, sec 

time constant of tail -pipe gas measuring thermocouples, sec 
S break frequency of first-order lag frequency plots, radians/sec 

o> angular frequency, radians/sec 

Subscripts : 
b turbine blade 

e engine 

g tail-pipe gas 

i turbine inlet 

l leading edge of turbine blade 

m midchord of turbine blade 


l/ (ft)(in.) 

I / hr 


n 


nozzle diaphragm 


3955 
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o 

P 

s 

sh 

t 

x,y 


turbine outlet . 
pressure side of turbine blade 
suction side of turbine blade 
shell-type radiation probe 
trailing edge of turbine blade 
arbitrary altitude conditions 
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APPENDIX B 


CALCUIATION OP FHM COEFFICIENTS 

In calculating the dynamic responses of turbine-blade temperature 
to tail -pipe gas temperature, a determination of the appropriate value 
of the beat-transfer film coefficient for each position considered in 
the turbine blade Is necessary. The film coefficients are dependent on 
the shape of the blade and the properties of the gas at the condition 
being considered. 

The film coefficients for the midchord and trail i.ng-edge portions 
of the blade were calculated using the method suggested in reference 4. 

No attempt was made to calculate either the film coefficient or the time 
constant of the leading-edge portion of the blade because of insufficient 
knowledge of the heat -transfer characteristics of this portion of the 
blade. 

The gas conditions used in the calculations presented herein are 
listed in table IV. The velocity distribution determined by the method 
of reference 10 is shown in figure 14. The calculations are at actual 
rated engine speed, an altitude of 7000 feet, and Mach 0.8 


Midchord Film Coefficient 


The midchord thermocouple is considered to be at the midthickness of 
a rectangular section which is 1.15 inches from the leading edge of the 
blade as shown in figure 10. The calculation for the film coefficient 
must be carried out in two parts, one for the suction surface and the 
other for the pressure surface. 


Suction surface . - The flow is turbulent and the applicable equation 


is: 


where 


Re 


D m,s v P 


Nu «* 0.0296(Re) 0 ‘ 8 Pr 1 ^ 3 

f 1 .28\ r-, r-v^\f 10 5 * 6100 \ 
“ V~l2"J^ 1530 \l50 X 2 H 7 J 


(Bl) 


31.5x10 


Nu 


^,8^,8 _ ^ (l.2Q V 1 \ _ „ 

k *W,s^ 12 Jyo.0451 J 53 2 * 37h m,i 


Pr =» 0.655 
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Solving equation (Bl) gives: 

&m,s = 276 Btu/(hr)C°F)Csq ft) 

Pressure surface . - The negative velocity gradient for the pressure 
surface in the midchord region indicates turbulent flow and equation (Bl) 
is again applicable. In this case: 

NU - ^ - VpM^Sl) * 

Pr = 0.655 


Solving equation (Bl) gives: 

h^ p « 102.6 Btu/(hr) (^J (sq ft) 


Trailing- Edge Film Coefficient 

As shown in figure 10, the trail ing-edge thermocouple is considered 
to be at the midthickuess of a rectangular section which is 2.15 inches 
from the leading edge of the blade. The velocity on the pressure sur- 
face in the trail ing-edge region is approximately 700 feet per second, 
as taken from figure 14. For the calculations presented herein, it will 
be assumed that the velocity on the suction surface in the trailing- edge 
region is also 700 feet per second, that the flow is turbulent, and that 
there is no flow separation in this region. 

The film coefficient may again be obtained from equation (Bl) . 

B. - ^ * If) * 

Pr « 0.655 

and solving equation (Bl) gives: 

hj. = 128 Btu/(hr)( c iF)(sq ft) 
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APPENDIX C 


CALCUIAIION OF TURBBIE -BLADE TEMPERATURE DYNAMIC RESPONSE 

Two methods of determining the dynamic response of turbine -blade 
temperature to tail -pipe gas temperature were presented, in reference 3. 
Both methods involve the physical properties of the blade and the film 
coefficients. The blade properties are known and the film coefficients 
are calculated in appendix B. 


Method A 

Method A assumes that the temperature is equal throughout the blade 
and that the heat flow is proportional to the difference in temperature 
between the gas and the turbine blade . The general form of the dynamic 
response of the blade temperature , using Method A, is (from ref. 3) 


Y bPb c p 

^Ab 


dT* 

dt" 


*b 


T 


g 


(Cl) 


As this equation is a first-order differential equation, it can be char- 
acterized by a time constant which is defined as 


_ A V b p b c p 
T b “ 


^bAb 


(C2) 


As discussed in reference 3, equation (Cl) may be converted to the fre- 
quency domain by Laplacian transform methods and yields 


T 


g 


(l + tor,) 


(C3) 


The plots of figure 11 are frequency response plots of equation (C3) , 
where is the blade time constant determined from Method A. 

Midchord. - The midchord is considered to be a rectangular section 
(fig . 10) . The calculation of the midchord time constant is (consider- 
ing hj^ as the average of the pressure and suction surface value) 


= ®t) (pb0p) ■ W)(®) C59 - 4) 


(C4) 
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which, gives as a final result 

T m =** 7.06 seconds 

Tra ilin g edge . - The trailing edge. is also considered to he a rec- 
tangular section £f ig • 10). The calculation of the trailing- edge t ime 
constant is 

T t - (^X^)^ " Cs9 ' 4) c ° 5) 

which gives as a final result 

t _£ = 4.17 seconds 


Method B 


This method is the more rigorous because the temperature gradient 
in the turbine blade is considered. The solution for the rectangular 
shaped midchord and t railing-edge portions of the turbine blade is de- 
veloped in reference 3 from the heat -transfer equation 

i &£ 

2 at 

Ob 

and appropriate boundary conditions. The solution is 




Each term of the denominator may be represented in series form as 



(C7) 


(C8) 

(C9) 


Since the frequency a> is considerably less than unity in the region 
of interest, only the flo and afi terms will be considered. This gives 
then, for the dynamic response of turbine-blade temperature to the tail- 
pipe gas temperature 
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The 


T 


g 


CD 



term is a second-order effect, and from equation (CIO) 



The time constant of Method A, in the same units, is 



Ccn) 


(C12) 


and Method B, as expected, increases the time constant ^ approximately 

a 
2a 

suits from the consideration of the temperature gradient with the blade . 
As the thickness a he canes very small, the two methods will yield the 
same answer. 


by the term 


* 


) 2 


This term is a property of the blade only and re- 


Midchord . - The values for the midchord section which are substi- 
tuted into equation (CIO) are 


am ] f ' 


; P P b 


0.0934 in. /-/sec 


hy. "I 

K = m 1.22 in. 


fa 

2 


® 0.075 in. 


The solution of equation (CIO) for the midchord section is plotted in 
figure 11 (a), and a time constant of 7.. 25 seconds is obtained. 


Trailing edge . - The values for the trail ing-edge section which 
are substituted into equation (CIO) are 


a *» 



= 0.0934 in. /-/sec 


-4 
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1 + 

K a -1 =. 0.826 in. 


—■ a 0.03 ±Q. 

The solution, of equation (CIO) for the trailing-edge section is plotted 
on figure 11(1), and a time constant of 4.17 seconds is obtained. 
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APPENDIX D 


CALCULATION OF DYNAMIC RESPONSE VARIATION WITH ALTITUDE 


The time constants for the leading- edge,, midchord,, and t railing- 
edge portions of the turbine blade are dependent upon the physical prop- 
erties of the blade and the film, coefficient between the blade and the 
gas stream. Since only the film coefficient varies with altitude, the 
relation 


T b oc 


1 

h 


(Dl) 


may be used in determining altitude effects upon the blade time constant. 
All three portions of the blade considered had turbulent flow, and the 
general equation 

Nu - C(Re) 0,8 (D2) 


will hold in the range of Reynolds number encountered, 
may be rewritten: 


(Nu) x 

“ C y CKe y } 0 - 8 


Equation (D2) 

(D3) 


where x and y are two altitude conditions. The constants C x and 
C are equal, and expanding equation (3) gives 


V>xY*y\ fVx^xY'Y Y ' 8 


(D4) 


Assuming a constant turbine -inlet temperature 



which in terms of the blade time constants is 


T 


x 


T 


y 



(D6) 
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TABLE I. - PERFORMANCE CONDITIONS 
(a) Steady state 


Altitude, 

ft 

Mach 

number 

Engine 

speed, 

percent 

Engine- 
inlet 
pressure, 
Ib/sq ft 

Engine- 

inlet 

temperature, 

°R 

7,000 

0.5 

100 

1935 

519 


.8 

100 

2490 

557 

15,000 

0.8 

100 

1821 

525 

25,000 

0.5 

100 

931 

451 


.8 

100 

1197 

485 

30,000 

0.5 

100 

745 

432 


.8 

100 

958 

464 

45,000 

0.5 

100 

365 , 

411 


.8 

; 100 

470 

442 


(b) Transient 


Altitude, 

ft 

Mach 

number 

Engine 

speed, 

percent 

Sea level 

0 

Start to idle 

7,000 

.8 

90-100 

15,000 

.8 

90-100 

25,000 

.8 

90-100 

45,000 

.8 

90-100 


QS8H 
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TABLE II. - 3TEADY-OTATE TEMPERATURE DISTRIBUTIONS AT VARIOUS OPERATING 
CONDITIONS AT RATED ENGINE BREED 
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TABLE in. - EXPERIMENTAL AND CALCULATED TURBINE DYNAMIC 
7000 FEET; MACH NUMBER, O.S; PERCENT RATED ENGINE 


CHARACTERISTICS. 
SPEED, 90 TO 100 


ALTITUDE, 


Blade 

section 

Experimental 
time constant, 

T b> 

sec 

Calculated time constant, 
sec 

Calculated film 
coefficient, 

Btu/(br)(°F)(ft) 

Method A 

Method B 

Leading 

edge 

3.25 

— 

t 

1 

I 

1 

1 

1 

1 

l 




Midchord 

6.70 

7.06 

7.25 

Pressure surface, 102.6 
Suction surface, 276 

Trailing 

edge 

3.50 

4M7 

4.17 

128 
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Station 


'CABLE IV. - GAS CONDITIONS USED FOR CALCULATIONS 
[Altitude, 7000 feet.] 




Engine 

inlet 

Station 

4 

Station 

4a 

Relative to 
turbine blades 

Mach, number 

0.8 


i n 

0.68 



Total pressure, 
lt/sq ft 

2430 

11,580 

11,580 

8320 

Static pressure, 
lb/sq ft 

— 


6100 

6100 

Total temperature, °R 

— 

2160 

2160 

1965 

Static temperature, °R 

— 

— 

1800 

1800 

Velocity, ft/sec 

— 

— 

2050 

1395 



CD 



Turbine outlet (station 5) Turbine inlet (station 4) Tail pipe (station 9) Nozzle diaphra. 

Three 5 -point thermocouple 
rakee (1A, 4A, 6A) 

Two radiation thermocouple 
probes (2A, 7A) 


sees 


Three 5-point thermocouple Steady state - 10 single Two leading-edge 
rakes (1A, 4A, BA) thermocouples in ring thermocouples 

Four 1-poiat thermocouple Transient - 5 compensated. behind each 
rakes (2A, 3A, 5k, 7A) thermocouples in ring- combustor. 


Figure 1. - Instrumentation drawing. 
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Pneumatic actuator and 
tail-pipe thermocouple 




(a) Compensated gaB -temperature "block diagram. 



(h) Pneumatic -actuated shield assembly. 

Figure 2. - Apparatus used to compensate for lag of 
tail-pipe thermocouples. 
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(a) Radial blade (b) Chordvise turbine-blade 

thermocouples. thermocouples. 

Figure 3. - Location of both spanwise and chordwise thermo- 
couples on turbine blade. 



3855 



She] 


shell-type 

tips 


(h) Types 
tips us< 


- Radiation probes. 
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Figure 6. - Steady-g- 
rated engine speed 
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Figure 6. - Continued. Steady-state temperature distribution. Mach number, 
0.8; rated engine speed. 
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m 

m 

co 

to 


M 

o 

2 


& 


1800 


O Turbine inlet , T^_ 

□ Turbine outlet , T Q 

O Turbine blades, 0^ 

t> Average of turbine inlet 

T i + T o 

and outlet, g 

V Nozzle diaphragm, T Q 

k Shell-type radiation probe, T sil 

-d Knob -type radiation probe 

A Average tail pipe, T g 




(c) Altitude, 45,000 feet. 

Figure 6. - Concluded. Steady-state temperature distribution. Mach number 
0.8; rated engine speed. 




Amplitude ratio,, nondlneriBiotiEaized 
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Frequency, oo, radlans/sec 


(a) Amplitude plot of ratio of leading-edge “blade temperature to tail-pipe temperature. 

Figure 8. - Frequency analysis of engine responses to a step in fuel flow. Altitude, 7000 feet; Mach 
number, 0.0; percent rated engine speed, 90 to 100. 
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Frequency* u>, radlans/sec 

(h) Phase angle plot of ratio of leading-edge-tlade temperature to tail-pipe gas temperature. 

Figure 8. - Continued. Frequency analysis of engine responses to a step in fuel flow. Altitude 
7000 feet; Mach number* 0.8; percent rated engine speed* 90 to 100. 
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(c) Amplitude plot of ratio of midchord "blade temperature to tail -pipe -gas temperature • 


Figure 8, - Continued. Frequency analysis of engine responses to a step in fuel flov. Altitude; 7000 
feet; Mach number; 0.8; percent rated engine speed; 90 to 100. 
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Analyzed data 

nieoretical first-order lag 


Frequency, <d, radians/sec 

(d) Phase-angle plot of ratio of nddchord -blade temperature to tail-pipe gas temperature. 

Figure 8. - Continued. Freqjiency analysis of engine responses to a step in fuel flov. Altitude, 7000 
feet; Mach number, 0.8; percent rated engine speed, 90 to 100. 
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(e) Amplitude plot of ratio of trailing- edge blade temperature to tail-pipe gas temperature, 


Figure Q. - Continued. Frequency analysis of engine responses to a step in fuel flov. Altitude, 7000 
feet; Mach number, 0.8; percent rated engine speed, 90 to 100* 
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Frequency, go, radians/sec 

(f) Phase angle plot of ratio of trailing-edge blade temperature to tail-pipe gas temperature . 


Figure 

Mach 


8. - Continued. Frequency analysis of engine responses to a step in fuel flov. Altitude, 1000 feet 
number, 0.8: percent rated engine speed, 90 to 100. 
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Frequency, tn, radians/sec 

(g) Amplitude plot of ratio of engine speed to engine fuel flow. 

Figure 8- - Continued. Frequency analysis of engine responses to a step in fuel flow. Altitude, 7000 feet; 

Mach number, 0,8; percent rated engine speed, 90 to 100, 

w 



Frequency, cu, radians/sec 

(h) Phase-angle plot of - ratio of engine speed to engine fuel flow. 

Figure 8. - Concluded. Frequency analysis of engine responses to a step In fuel flow. Altitude, 7000 feet; 
Mach number, 0.8; percent rated engine speed, 90 to 100. 
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Figure 9. - Variation of transient characteristics vith altitude. Mach number, 
0.9) percent rated engine speed, 90 to 100. 
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Tail-plpe-gao -temperature -rise ratio 



0. - Grose section of turbine blade at spanwlse location considered 
lysis of turbine-blade temperature dynamics. Shaded areas indicate 
considered in calculations. 
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(a) Amplitude plat of ratio of wldehord 'blade temperature to tail-pipe gee temperature , 


Figure 11. - Calculated dynamic responses of turbine -t lade temperatures. Altitude, 7000 feet; Mach nuriber, 0.0; rated 
engine speed. 
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Phase angle , deg 
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Frequency, o>, radians/sec 

(b) Phase plot of ratio of raidchord blade temperature to tail-pipe gas temperature . 

Figure U. - Continued. Calculated dynamic responses of turbine-blade tengperatures. Altitude, 7000 feet; Mach number, 0.S; 
rated engine speed. 
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Frequency, a, radians/eec 

(c) Amplitude plot of ratio of trailing-edgo blade temperature to tail-pipe gas temperature. 


Figure 11. - Continued. Calculated dynamic responses of turbine -blade temperatures . Altitude, 7000 feet; Mach nuriber, 0.8j 
rated engine speed. 
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Frequency, a>, radian* /sec 

(d) Phase plot of ratio of trailing- edge “blade temperature to tail-pipe ges temperature. 

Figure 11. - Concluded, Calculated dynamic responses of turbine -“blade ten?>eratureB. Altitude, 7000 feet) Mach number, 0.8, 
rated engine speed. 


i 


MCA EM E55L22 



B“0 



Altitude , ft 

Figure 12. - Correlation of experimental turbine -Hade tine constants vith calculated variation at varying altitude. 
Mach number, 0.8; rated engine speed. 
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